Abstract
changes in ozone, hydroxyl radical, and nitrogen oxides on a global mean basis (1-4%), although 23 remarkable regional differences (5-20%) exist near the source regions. NO x decreases over the 24 source regions and increases in the remote troposphere, due mainly to more efficient transport of 25 peroxyacetyl nitrate (PAN), which is increased with the SAPRC aromatic chemistry. Model 26 ozone mixing ratios with the updated aromatic chemistry increase by up to 5 ppb (more than 27 10%), especially in industrially polluted regions. The ozone change is partly due to the direct 28 influence of aromatic oxidation products on ozone production rates, and in part to the altered 29 spatial distribution of NO x that enhances the tropospheric ozone production efficiency. Improved 30 representation of aromatics is important to simulate the tropospheric oxidation. ozonesonde observations (Schmidt et al., 2017) , particularly in the southern hemisphere, 1 implying that some mechanisms (e.g., due to aromatics) are currently missing from the model.
2
A simplified aromatic oxidation mechanism has previously been employed in GEOS-Chem (e.g., Fischer et al., 2014; Hu et al., 2015) , which is still used in the latest version v11-02. In that 4 simplified treatment, oxidation of benzene (B), toluene (T), and xylene (X) by OH (Atkinson et 5 al., 2000) is assumed to produce first-generation oxidation products (xRO 2 , x = B, T, or X). And 6 these products further react with hydrogen peroxide (HO 2 ) or nitric oxide (NO) to produce 7 LxRO 2 y (y = H or N), passive tracers which are excluded from tropospheric chemistry. Thus in 8 the presence of NO x , the overall reaction is aromatic + OH = -NO + (inert tracer). While such a 9 simplified treatment can suffice for budget analyses of the aromatic species themselves, it does 10 not capture ozone production from aromatic oxidation products.
11
In this work, we update the aromatics chemistry in GEOS-Chem based on the SAPRC-11 12 mechanism, and use the updated model to analyze the global and regional scale chemical effects 13 of the most abundant aromatics in the gas phase (benzene, toluene, xylenes) in the troposphere.
14 Specifically, we focus on the impact on ozone formation (due to aromatics oxidation), as this is 15 of great interest for urban areas and can be helpful for developing air pollution control strategies.
16
Further targets are the changes to the NO x spatial distribution and OH recycling. Model results
17
for aromatics and ozone mixing ratios are evaluated by comparison with observations from 18 surface and aircraft campaigns in order to constrain model accuracy. Finally, we discuss the 19 global effects of aromatics on tropospheric chemistry including ozone, NO x and HO x (HO x = OH 20 + HO 2 ).
21
The rest of the paper is organized as follows. Section 2 describes the GEOS-Chem model setups, 
Model description and setup

30
We use the GEOS-Chem CTM (version 9-02, available at http://geos-chem.org/) to interpret the http://acmg.seas.harvard.edu/geos/geos_chem_narrative.html. GEOS-Chem has been used 34 extensively for tropospheric chemistry and transport studies (Zhang and Wang, 2016; Yan et al., 35 2014; Shen et al., 2015; Lin et al., 2016) . Here, the model is run at a horizontal resolution of 2.5º Dry deposition for aromatic compounds is implemented following the scheme by Hu et al.
5
(2015), which uses a standard resistance-in-series model (Wesely, 1989) of anthropogenic emissions, RETRO also incorporate behavioral aspects (Schultz et al., 2007) .
23
The implementation of the monthly RETRO emission inventory in GEOS-Chem is described by regenerating radicals in their initial reactions (Carter, 2010a, b; Carter and Heo, 2013) . A revised 10 mechanism that takes the general features of aromatics mechanisms into account would be much 11 more reactive, given the reactivity of the aromatic products.
12
This work uses a more detailed and comprehensive aromatics oxidation mechanism: the SAPRC-
13
11 aromatics chemical mechanism. SAPRC-11 is an updated version of the SAPRC-07 14 mechanism (Carter and Heo, 2013) , which is consistent with recent literature. Moreover,
15
SAPRC-11 is able to reproduce the ozone formation from aromatic oxidation that is observed in 16 environmental chamber experiments (Carter and Heo, 2013) . Table S1 lists new model species in 17 addition to those in the standard GEOS-Chem model setup. 
Evaluation of simulated aromatics and ozone
1
In this part, the SAPRC model simulation results of aromatics (benzene, toluene, xylenes and C 8 2 aromatics) and ozone from GEOS-Chem are evaluated with observations. This underestimation for spatial variability in the free troposphere (over 70%) is higher than that 21 at the surface (not shown).
22
The black lines in Fig. 4 show the tropospheric aromatics profiles during the CALNEX area off the eastern US coast, the marine area adjacent to Japan, and the Mediterranean area. The 23 change is negligible (by −0.2%) for the annual global mean surface NO (Table 2) . Seasonally, the 24 decrease in spring, summer and fall is compensated partly by the increase in winter (Table 2 ).
25
The zonal average results in Fig. 7 show a clear decline in NO in the planetary boundary layer, in 26 contrast to significant increases in the free troposphere, from Base to SAPRC. The free 27 tropospheric NO increases are largest in the remote northern regions with an annual average 28 enhancement up to 5% (Fig. 7) , and are particularly large in winter (up to 10%, not shown). For 29 the whole troposphere, the average NO increases by 0.6% from Base to SAPRC (Table 2 ).
30 Figure 6 shows that simulated surface NO 2 mixing ratios in the SAPRC scenario are enhanced (by 2.1% in the free troposphere and 1.0% at the surface, (Fig. 6 ).
7 Table 2 shows that nitric acid (HNO 3 ) increases in the SAPRC simulation, both near the surface
8
(by approximately 1.1%) and in the troposphere (by 0.3%). The enhancement in HNO 3 appears 9 uniformly over most continental regions in the northern hemisphere (not shown), due to the 10 promotion of direct formation of HNO 3 from aromatics in the SAPRC simulation. 
OH and HO 2
12
Compared to the Base simulation, OH increases slightly by 1.1% at the surface in the SAPRC 13 simulation ( Fig. 8 and Table 2 The OH enhancement (0.2%) is also seen in the free troposphere in the SAPRC simulation ( Fig. 9   22 and Table 2 ). OH is increased in the troposphere of the northern hemisphere, in contrast to the 23 decline in the troposphere of tropics and southern hemisphere (Fig. 9 ). These OH changes 24 correspond to the hemispherically distinct changes in aromatics (benzene, toluene, and xylenes), 25 which show a decrease in the northern hemisphere, an increase in the southern hemisphere, and 26 an increase in global mean (by 1%) (not shown). Despite the overall increase in tropospheric OH,
27
CO is increased by ~1% (Table 2 ) due to additional formation from aromatics oxidation. From Base to SAPRC, the global average surface ozone mixing ratio increases by less than 1% 1 (Table 2 ). This small difference is comparable to the result calculated by Cabrera-Perez et al. consumption of tropospheric OH and NO x , which can further reduce ozone production.
28
From Base to SAPRC, the modeled ozone concentrations are closer to the WDCGG and EMEP 29 network measurements, but the agreement worsens at the AQS sites (Table 3) 
10
Regions with large aromatics emissions show a significant increase of oxidation products from ketones (e.g., PROD2, AFG1). These compounds explain the increased rate of PAN formation.
23
For example, the SAPRC simulation has increased the concentration of MGLY by a factor of 2. In 24 addition, production of organic nitrates (Table S2) by 5% at the AQS sites.
6
The simplified aromatics chemistry in the Base simulation under-predicts NO and NO 3 oxidation, aromatics chemistry is important to model the tropospheric oxidation capacity.
23
Data Availability
24
The GEOS-Chem code used to generate this paper and the model results are available upon 
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